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Introduction: The traditional partial discharge localization improvement strategy mainly starts from the intelligent algorithm, but fails to consider the influence of core winding and oil temperature on partial discharge positioning.Methods: This paper also considers the influence of the iron core winding and oil temperature. Through finite element simulation, a transformer model was established to analyze the propagation characteristics of ultrasonic signals generated by partial discharge under the interference of gradient oil temperature and winding. The chaotic firefly-particle swarm hybrid algorithm is proposed, and through the calculation of Shubert’s multi-peak function. Finally, a partial discharge defect platform based on gradient oil temperature was built to verify the chaotic firefly-particle swarm hybrid localization algorithm.Results: The ultrasonic velocity generated by partial discharge in transformers cannot be fixed, and it is suggested that ultrasonic sensors should be installed near the center of the top of the transformer. The proposed algorithm can be better optimized in the case of multiple local extreme points. Under gradient oil temperature experiments, the algorithm achieves positioning errors less than 100 and 55 mm for cases with and without winding obstruction, respectively, with average positioning errors of 74.2 and 35.2 mm.Discussion: The positioning method in this paper can provide a technical reference for the partial discharge positioning of transformers in actual operation.Keywords: transformer, partial discharge, gradient oil temperature, acoustic and electric joint positioning, velocity
1 INTRODUCTION
As the scale of electric power enterprises continues to expand, a large number of transformers need to be put into operation for extended periods. In order to ensure the stability of the power system, partial discharge (PD) detection under energized conditions has become a key technology (Guerra et al., 2016; Weiqiang et al., 2020). Partial discharge, as a discharge phenomenon in electrical faults, contains rich information such as electrical, acoustic, optical, and thermal aspects. By reasonably applying detection techniques and intelligent positioning algorithms, technical personnel can promptly and accurately identify faults in transformers, laying a solid foundation for effective equipment maintenance (Li et al., 2015; Cai et al., 2021; Guo, 2022). Currently, ultra-high frequency (UHF) detection technology and acoustic electric (AE) detection technology have relatively matured.
Among them, UHF signal frequencies can reach 300 M to 3 GHz, with a wide detection bandwidth, and can avoid corona interference below 300 MHz in the field (Li et al., 2015); however, UHF pulse signals have short durations, making them difficult to collect, and are susceptible to shielding by transformer components during signal propagation. On the other hand, ultrasound signals have strong penetration capabilities, long pulse durations, and are easy to collect, making them suitable for partial discharge localization. However, when directly installed on the transformer casing, the measured signal is the non-line-of-sight wave transmitted laterally along the casing (Liu, 2014; Jia et al., 2022). In order to reduce noise interference leading to misidentification of partial discharge signals and collection errors caused by single sensors, the most direct original waveform of partial discharge measurement, invasive acoustic-electric joint detection technology, has been used for partial discharge localization research (Song et al., 2020; Yingjie et al., 2023; Su et al., 2024). In general, there are two ways to install the intrusive acoustic-electric combined sensor: one is to make holes in the transformer, which will destroy the transformer shell but will not affect the oil injection of the transformer (Su et al., 2024); Another method is to extend into the joint sensor through the oil valve, which has the advantage of not destroying the original structure of the transformer (Si et al., 2019).
To address the localization problem of partial discharge defects, the time difference of arrival (TDOA) algorithm is commonly used, which involves establishing a system of quadratic equations and transforming it into an optimization problem for solving (Ma et al., 2020). Traditional TDOA (Time Difference of Arrival) based on intelligent algorithms such as Particle Swarm Optimization and Genetic Algorithm (Antony and Punekar, 2018; Wang et al., 2018) have been continuously optimized to improve localization accuracy. However, they have not been able to analyze the influence of reflections caused by components such as iron core windings along the signal transmission path on time difference calculations. Most improvement studies focus on increasing the number of sensors. Reference (She et al., 2021), for instance, selects and locates multiple sensor time difference combinations through artificial bee colony algorithms and uses the secondary optimization solution of the K-means clustering algorithm as the final localization result. Reference (Besharatifard et al., 2022) disperses sensor arrays throughout the transformer, selecting direct partial discharge signals not propagated through the core and windings for time difference calculations. Reference (Liang, 2014) adopts the semi-definite relaxation method of successive approximation, and the time difference effect on the winding and the error interval are continuously approximating the result, but the improper selection of the error threshold will increase the calculation error. These methods do not consider the influence of transformer oil temperature on time difference calculations, and multi-element sensors can lead to installation difficulties and increased costs, which are not conducive to the practical localization of partial discharge in transformers during operation.
The core and windings of transformers generate heat due to operation and losses, resulting in a temperature rise in the transformer oil. According to the thermal siphon effect, after the slow flow of transformer oil, the temperature is lower at the bottom of the oil tank and higher at the top, presenting a gradient layering phenomenon overall (Jin, 2020; Junyi, 2021). Taking an oil-immersed forced-air-cooled transformer as an example, the temperature difference between the top and bottom oil layers can exceed 40°C, with a nearly 10% difference in wave speed, which has a certain impact on partial discharge localization.
In response to the shortcomings of traditional partial discharge localization methods that neglect temperature effects, this study employs COMSOL simulation to establish a comprehensive model based on gradient oil temperature and iron core windings. It analyzes the propagation characteristics of ultrasonic waves in the complex environment of transformers. The study proposes the integration of a CFA-PSO algorithm with variable velocity to enhance the localization effectiveness of intelligent algorithms.
2 ACOUSTIC-ELECTRIC JOINT POSITIONING TECHNOLOGY
As shown in Figure 1, three ultrasonic sensors and one ultra-high frequency sensor are arranged inside the transformer casing, and a spatial rectangular coordinate system is established at the vertex of one corner of the transformer.
[image: Figure 1]FIGURE 1 | Partial discharge location model.
Let the position of the ultra-high frequency sensor be S0 (x0, y0, z0), and the positions of the ultrasonic sensors be respectively S1 (x1, y1, z1), S2 (x2, y2, z2), and S3 (x3, y3, z3). The position of the partial discharge source is denoted as P (x, y, z). Since electrical signals propagate much faster than ultrasonic signals, the time point when the ultra-high frequency sensor receives the electrical signal can be used as a time reference. By calculating the time differences between when each ultrasonic sensor receives the sound signal and this time reference, the actual propagation time of the sound signal can be determined. Thus, the following system of equations can be obtained using the time difference positioning method:
[image: image]
In Eq. 1, νe represents the equivalent sound speed of ultrasonic waves. Taking the square of both sides of the equation system transforms it into a system of quadratic equations in three variables. Theoretically, the localization result of the partial discharge source can be obtained with three equations. However, in the presence of errors, directly solving the quadratic equation system may result in complex or no solutions, leading to incorrect localization results. Therefore, it is common to construct an optimization problem based on error minimization and indirectly solve it using the least squares method (Shi et al., 2017).
Firstly, the objective function (Eq. 2) is constructed based on the set of equations (Eq. 1), as:
[image: image]
Subsequently, the expression for the objective function (f) is obtained as Eq. 3:
[image: image]
Obviously, f ≥ 0, and if and only if f = 0, x, y, z are the solutions to the system of Eq. 1. For a given monitoring object, the area where partial discharge may occur is fixed, so the following optimization problem can be constructed:
[image: image]
Obviously, the solution of the optimization problem Eq. 4 is equivalent to the solution of the TDOA Eq. 1, and solving the optimization problem does not produce an imaginary solution, which improves the stability of the TDOA algorithm.
Usually, scholars in partial discharge localization use a fixed value of the equivalent sound speed at room temperature, typically 1,420 m/s. However, in reality, the winding iron core structure inside the transformer is complex, which may cause reflections and refractions of ultrasonic signals along the transmission path, along with the transformer casing. Additionally, the temperature of the oil can also affect the propagation speed of ultrasonic waves. Reference (Yuan, 1992) obtained through the pulse cycle velocity method, an approximate linear relationship between the ultrasonic wave velocity and the temperature rise of the transformer oil, which can be expressed by Eq. 5:
[image: image]
Where T is measured in Kelvin. According to the national standard GB1094.1-1996“Power Transformers Part 1: General”, the top oil temperature of the transformer is generally controlled within 85°C, and an alarm is required at 80°C. Therefore, this paper mainly focuses on studying the gradient oil temperature below this limit of the top oil temperature.
3 FINITE ELEMENT ANALYSIS
In COMSOL, a basic model of the transformer was constructed, consisting of the iron core, windings, insulation oil, and the transformer casing. Using the Fluid Heat Transfer and Acoustics Module, the propagation characteristics of ultrasonic signals under the gradient oil temperature conditions of partial discharge in the transformer were simulated.
3.1 Physics module
Figure 2 shows a 2D COMSOL model of the transformer. In order to analyze the influence of gradient oil temperature and winding occlusion on ultrasonic propagation, four observation points (1–4) were placed along the inner wall of the transformer at coordinates (0.18, 0.29), (0.15, 0.29), (0, 0.2), and (0.25, 0), respectively. The position of the partial discharge source P is (0.32, 0.12), all coordinates are in meters. The top oil temperature of the transformer is 80°C, while the bottom oil temperature is 30°C. Observation points 1 and 2 are at the top of the transformer model and are relatively close together, so the transmitted path of the received signal is also about the same. In contrast, observation point 4 is at the bottom of the transformer, and the transformer is separated by a gradient temperature between the top and bottom of the transformer. The observation point 3 is located on the side of the transformer, and the signal will cross the winding when it reaches the observation point 3.
[image: Figure 2]FIGURE 2 | COMSOL simulation diagram. (A) Temperature distribution map (B) Isotherm diagram.
The geometrical Specifications and physical properties of each component of the transformer model are shown in Tables 1, 2, respectively.
TABLE 1 | Geometrical specifications.
[image: Table 1]TABLE 2 | Physical properties.
[image: Table 2]The density function rho(T) of the transformer oil is an inbuilt function in the COMSOL, software, which varies with temperature. The specific expression is (Eq. 6):
[image: image]
In the pressure acoustics physics field, the signal source of partial discharge can be considered as a point sound source. According to references (Shen and Sun, 1981; Yang, 2011), the vibration of gas bubbles generated by partial discharge is underdamped vibration. A single exponential decay function is chosen as the signal source, and the function is represented as (Eq. 7):
[image: image]
In the equation, A represents the signal amplitude of the partial discharge, τ is the time decay constant, and f denotes the ultrasonic frequency.
In COMSOL pressure acoustics simulations, the mesh size is typically selected from one-tenth to one-fifth of the wavelength, which is inversely proportional to frequency. If the center frequency is set high, the meshing will be very thin, resulting in a high degree of freedom in the model that is difficult to calculate. Therefore, it is easier to simulate the propagation of sound pressure in transformer oil by taking a smaller center frequency. In the end, set the grid size to extremely fine mode. A boundary layer is set for the observation points and iron core windings (Mehrpooya et al., 2024), with a minimum angle of 240° to split and a maximum angle of 100° for each split. The grid size setting and grid generation diagram are shown in Table 3; Figure 3, respectively.
TABLE 3 | Grid size.
[image: Table 3][image: Figure 3]FIGURE 3 | Grid generated graph.
The waveform simulation parameters are as follows: f = 80kHz, τ = 1/144,000, A = 1. The signal diagram of partial discharge is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Partial discharge signal diagram.
3.2 Governing equations
The governing PDE used by this module to solve the acoustic wave propagation is given by (Eq. 8):
[image: image]
Where pt is the pressure of acoustic wave [Pa], ρ is the density of the material [kg/m3], c is the speed of the acoustic wave in the given medium [m/s], qd is the dipole domain source of the energy [N/m3], and Q is the monopole point source of the energy [m3/s].
3.3 Solver settings
Firstly, the thermal field at steady state is established to establish a transformer model of gradient oil temperature. Then, the sound field under transient conditions is established, and the propagation characteristics of ultrasonic waves in complex environments are analyzed, and the simulation time is set to 500 us, and the step time is 0.5 us.
3.4 Boundary conditions
The boundary equation is mainly used to define the boundaries of the transformer housing, and the specific expression is (Eq. 9):
[image: image]
Where the acoustic impedance z is expressed as the product of the density of the substance and the corresponding velocity. Table 4 shows the boundary conditions for the simulation.
TABLE 4 | Boundary conditions.
[image: Table 4]3.5 Results and discussion
During the initial stage of partial discharge, the sound pressure rapidly expands within the transformer model, but once the sound pressure fills the entire transformer, there is no significant change (Qi et al., 2015). Therefore, in this study, the sound pressure distribution at 30, 100, and 130 μs moments is selected to analyze the propagation characteristics of ultrasonic waves in the transformer, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Spatial sound pressure distribution of transformer at each time. (A) 30 us. (B) 100 us. (C) 130 us.
At 30 μs, the ultrasonic signal propagates in an approximately spherical manner from the point source to the surroundings. At 100 μs, the ultrasonic signal propagates to the winding and the casing, undergoing reflection and refraction. It can be observed that after crossing the winding in the diameter direction, the sound wave has suffered significant attenuation, making it difficult for this signal to be used for sensor measurements. At 130 μs, diffraction occurs in the upper right corner of the winding, causing an increase in the time delay received at observation points 1 and 2. Multiple waveform overlap phenomena appear in the lower right corner of the transformer, indicating that the corner position of the enclosure is not suitable for installing ultrasonic sensors.
The average speed of ultrasonic wave propagation to each observation point will be affected by the transmission path and oil temperature. Simulations were conducted under conditions of varying oil temperature gradient, fixed oil temperature, with and without winding obstruction. The average speed of the signal transmission from the partial discharge source to each observation point was calculated based on the time delay, and the results are shown in Table 5.
TABLE 5 | Average sound velocity at each observation point.
[image: Table 5]Since the transmission path from the partial discharge source to observation points 1 and 2 is roughly the same, regardless of the presence of winding obstruction, their average speeds can be approximately considered equal. Observation point 3 cannot receive the refracted signal that crosses the winding, but can only measure the waveform reflected multiple times from the transformer casing, resulting in a significant increase in time delay, which is not conducive to localization. Observation point 4, affected by the temperature gradient in the vertical direction, has a certain deviation in average sound speed.
Based on the above analysis, the ultrasonic sensor array should be installed near the center of the top of the transformer casing, and the spacing between the array elements should not be too large. Considering the array size and obtaining time delay, this study adopts a sensor spacing of 35 mm. The flange design drawing is shown in Figure 6:
[image: Figure 6]FIGURE 6 | Flange design drawing.
Assuming the top layer oil temperature is t1 and the bottom layer oil temperature is t2, if we neglect the winding diffraction, according to Eq. 3, the average sound speed of the ultrasonic wave should be between the wave speeds corresponding to the top layer and bottom layer oil temperatures, that is, [νeq (t1), νeq (t2)]. In reality, the diffraction caused by the winding can decrease the average sound speed by approximately 10%. Therefore, the average sound speed can be approximated as [0.9*νeq (t1), νeq (t2)] for localization calculations.
4 ALGORITHM OPTIMIZATION DESIGN
4.1 Firefly algorithm
The Firefly Algorithm (FA) is a heuristic algorithm developed by Yang (2008) based on the light emission behavior of firefly populations. The core ideas of this algorithm are as follows:
(1) Initially, a certain number of fireflies are randomly generated in the search space, and their brightness is related to the objective function value. Fireflies closer to the global optimum are brighter. Assuming there are N fireflies in a D-dimensional space, the position vector of the i-th firefly is xi, and its relative brightness is calculated using (Eq. 10):
[image: image]
where I0 is the maximum brightness of the firefly, γ is the light absorption coefficient, and rij=||xi - xj|| represents the distance between firefly i and j.
(2) Fireflies are attracted to each other, and the attraction force between two fireflies decreases with increasing distance. The attraction force from firefly i to firefly j is given by (Eq. 11):
[image: image]
where β0 is the maximum attraction force.
(3) Fireflies with lower brightness will move towards brighter ones. The distance between two fireflies and their flying speed are inversely related. The movement of firefly i is given by (Eq. 12):
[image: image]
Here, α is the step size factor, and the random perturbation term introduces randomness to avoid premature convergence during the search process.
4.2 Algorithm improvement design
Particle Swarm Optimization (PSO) is a classical algorithm for partial discharge localization, known for its short computation time and fast convergence. However, it tends to get trapped in local optima. On the other hand, the FA accelerates flight through mutual attraction of fireflies, which helps to some extent in avoiding local optima, though its convergence speed is slower compared to PSO. Additionally, the accuracy of both algorithms is influenced by the choice of initial values.
Considering these factors, this paper combines FA and PSO algorithms, introducing the Tent chaotic mapping to form the Chaotic Firefly Particle Swarm Optimization (CFA-PSO) algorithm. The Tent mapping exhibits good distribution and randomness within the (0, 1) range, making it suitable for constructing initial individual distributions. The specific expression is (Eq. 13):
[image: image]
The basic process of CFA-PSO is illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Algorithm flow chart.
The Shubert function, as a multimodal function, has multiple local optima within the interval [−2, 2], making it suitable for evaluating the local convergence performance of algorithms. Randomly generating 300 initial individuals within this interval, with a maximum iteration count set to 50, we observe the ability of each initial individual to retrieve the optimal value. Figures 8A, B depict the optimized individual distributions obtained by the PSO and CFA-PSO algorithms, respectively, after computation. In the figures, the red points represent the optimized individuals.
[image: Figure 8]FIGURE 8 | Shubert function simulation. (A) PSO. (B) CFA-PSO.
The computation results indicate that the optimized individuals in the PSO algorithm tend to cluster in regions with relatively good results, while in the CFA-PSO algorithm, despite most of the optimized individuals converging near the optimal value, a portion still explores the external environment for optimization, thereby partially overcoming the drawback of PSO algorithm’s susceptibility to local optima.
5 EXPERIMENTAL VERIFICATION
The ultrasonic radiated frequency is related to the surrounding medium capacitance at the occurrence of partial discharge (Yanqing, 2003). According to the Technical Specification for Ultrasonic Detection of Partial Discharge Instruments (QGDW11061-2017), the central frequency of ultrasonic detection probes for oil-immersed transformers should ideally range from 80 to 200 kHz. Therefore, this study selected a commonly available piezoelectric ultrasonic probe with a central frequency of 200 kHz, specifically the model EU10PIF200H07T/R, with an operating temperature range of −30°C to +85°C. The study utilized an ultra-high-frequency sensor based on the horn antenna principle, constructed of conical brass, operating in the detection frequency range of 300 MHz to 3 GHz.
To simulate partial discharge defects inside the transformer, a typical needle-plate discharge model was employed. In this model, the needle electrode had a radius of 0.25 mm and was made of a needle tube, while the plate electrode was a smooth copper plate with a radius of 40 mm. A 2 mm thick insulating paper was placed between the needle and plate electrodes, and the gap between the needle and plate was set to 30 mm. The defect model is depicted in Figure 9.
[image: Figure 9]FIGURE 9 | Needle plate defect model.
In the laboratory, a typical needle-plate discharge model was employed inside an oil tank measuring 50 cm × 30 cm × 30 cm, simulating partial discharge defects in transformers to validate the effect of oil temperature on the localization of partial discharge defects. The layout of the oil tank model is depicted in Figure 10. The tank was filled with 25# insulating oil, covered with epoxy board to isolate external electrical signal noise interference, and a dielectric window was placed on the top left side of the tank for observation.
[image: Figure 10]FIGURE 10 | Fuel tank model layout drawing.
The temperature signal and the acoustoelectric signal detected by the sensors were transmitted to the PC and oscilloscope, respectively, after amplification and filtering through the circuit. The needle-tip defect model was located on the right side inside the tank, with the needle electrode connected to the AC power source through a capacitive voltage divider and protective resistor. The ultra-high-frequency sensor was integrated into the dielectric window, while the temperature sensor and three ultrasonic sensors were in contact with the oil surface. The temperature sensor model was DS18B20, and the distance from the needle tip of the defect model to the center of the dielectric window was 272 mm. The experimental wiring diagram is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Experimental layout drawing.
Transformer oil was added to the oil tank up to 2/3 of its height, then heated to 80°C at the oil surface using electric heating rods. Subsequently, 30°C insulating oil was slowly injected into the bottom of the tank to reach 1/3 of its height. The needle-plate defect model was then pressurized at a rate of 0.1 kV/s, with partial discharge phenomena appearing at around 18 kV. As the oil temperature naturally cooled, partial discharge localization under different temperature gradients was simulated. A three-dimensional Cartesian coordinate system was established, with the bottom-left corner of the tank as the origin. Localization of partial discharge signals was then conducted under conditions with and without winding blockage, using constant acoustic velocities of 1,420 m/s and variable velocities within the range [0.9*νeq (t1), νeq (t2)]. The partial discharge signals were detected and calculated using the CFA-PSO algorithm. The localization results are shown in Tables 6, 7, respectively.
TABLE 6 | Partial discharge location without windings.
[image: Table 6]TABLE 7 | Partial discharge location with windings.
[image: Table 7]In the absence of winding blockage, the average localization error under variable acoustic velocity was 35.2 mm, with a maximum localization error not exceeding 55 mm, indicating good adaptability to temperature gradients. However, under constant velocity, the average localization error was 49.6 mm, and with increasing oil temperature, the error tended to increase. After introducing winding blockage, the average error under variable acoustic velocity was 74.2 mm, with a maximum localization error of no more than 100 mm. However, under constant velocity, the average localization error increased to 178.2 mm, failing to meet the accuracy requirements for localization.
Combining the experimental results with and without winding blockage, it can be concluded that the algorithm proposed in this study, based on variable acoustic velocity, effectively reduces localization errors under the influence of oil temperature and winding blockage. To validate the superiority of the algorithm proposed in this paper, the aforementioned delay data, based on variable acoustic velocity, were utilized to compare localization with and without winding blockage using the FA algorithm, PSO algorithm, and the algorithm proposed in this study. The error results are illustrated in Figures 12, 13.
[image: Figure 12]FIGURE 12 | The positioning accuracy of different algorithms without winding occlusion.
[image: Figure 13]FIGURE 13 | The positioning accuracy of different algorithms under the shielding of windings.
Comparing the localization results of different algorithms with and without winding blockage, it is evident that under variable acoustic velocities, the algorithm presented in this paper achieves lower localization errors than both the FA and PSO algorithms, with an overall reduction in error of about 20%.
Based on the above analysis, the localization method proposed in this paper, which optimizes both the algorithm and the equivalent acoustic velocity, enhances localization accuracy. This demonstrates that the method provided in this paper can offer effective guidance for online monitoring of partial discharges.
6 CONCLUSION

1) Through COMSOL simulation, the propagation characteristics of ultrasonic waves under gradient oil temperatures were studied, demonstrating that using a non-fixed equivalent acoustic velocity in the localization algorithm more accurately reflects the real conditions for locating partial discharges in transformers. Additionally, using a sound-electric hybrid localization system based on a dielectric window at the transformer’s top shell is more beneficial in reducing the impact of gradient oil temperatures on localization.
2) In response to the limitations of the FA and PSO algorithms, the CFA-PSO algorithm was designed. By computing the Shubert function, this algorithm is shown to maintain good optimization capabilities even in the presence of multiple local extrema.
3) The localization of partial discharges under gradient oil temperatures was simulated within the oil tank. Experimental results demonstrate that utilizing the CFA-PSO algorithm based on a non-fixed equivalent acoustic velocity effectively mitigates the influence of oil temperature on partial discharge localization. Moreover, the maximum localization error without obstruction does not exceed 55 mm, while under winding diffraction with a core, it does not exceed 100 mm. This provides technical guidance for practical transformer partial discharge localization during operation.
4) This technology can be put into on-site transformer partial discharge monitoring, combined with the transformer heating status and fault location under gradient temperature, to provide better technical support for transformer safety online monitoring, so as to conduct more in-depth research on temperature as an influencing factor in the future.
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